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A B S T R A C T
Background: Hallux valgus is a very common foot deformity in modern societies. The impact of this
condition on foot function has been described qualitatively and quantitatively. Published patho-
mechanical models are mainly underpinned by findings originating from plantar pressure measure-
ments. However, the kinematical patterns of the many foot segments during gait have not been
quantified. This study aims to evaluate the kinematics of the various foot segments in the presence of this
deformity.
Methods: Using the Oxford Foot Model and a 12-camera Motion Analysis System, gait analysis was
conducted on a convenience sample of 20 participants with hallux valgus and compared to that of 22
randomly selected symptom-free volunteers. Differences between temporal and kinematical data
between groupswere analyzed using the unpaired parametric Student t-test (significance level p < 0.01).
Results: During specific gait events, a different range of motion was found at several inter-segment
angles. Particularly, the range of motion of the hallux (sagittal plane) and hindfoot (frontal-transverse
planes) during stance were significantly different (p < 0.01).
Conclusion: Sagittal plane kinematics of the hallux is affected by the first ray deformity in this condition.
However, the impact on other segmentswas found to be limited. This suggests that the patho-mechanical
consequences remain limited to the weight bearing function of the first ray.
 2010 Elsevier B.V. All rights reserved.
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One of the most common deformities encountered in podiatric
and orthopaedic practice is hallux valgus (HV) [1]. Commonly
referred to as a bunion deformity, HV is characterized by the
progressive subluxation and valgus angulation of the first
metatarsophalangeal joint (1MTPJ) in combination with pronation
of the proximal phalanx [2–4]. Genetic predisposition, inappro-
priate shoe wear, trauma and biomechanical compensation for
structural and functional deformities (hindfoot eversion) have
been reported as contributors to this disorder [3,5]. Shoe
adaptations, custom made insoles and digital silicone orthoses
have been reported as conservative treatment options [6,7].* Corresponding author at: Division of Musculoskeletal Disorders, University
Hospital-Leuven, KU-Leuven, Weligerveld 1, 3212 Pellenberg, Belgium.
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doi:10.1016/j.gaitpost.2010.03.017Surgical correction is the more invasive treatment option, with
more than 100 different techniques having been described [8,9].
An important step in the management of foot pathologies is the
objective analysis of footmechanics in dynamic conditions. Several
authors have demonstrated that patients with HV have an altered
plantar pressure pattern in the forefoot compared to asymptomatic
individuals [3,10–12]. These studies have shown that the most
commonly observed patho-mechanical manifestation is the first
ray insufficiency during mid-stance and propulsion, which causes
an increased load over the central metatarsal heads [3,13]. Post-
operative outcome has also been evaluated by means of
pedobarography [14,15].
Much less is known about the kinematic behavior of the foot
affected by HV. Kinematic analysis of the foot has been challenging
for many years, partially because of technological limitations and
also due to the intrinsic complexity of the foot [16]. However, over
the last decades several research groups have been able to develop
three-dimensional multi-segment foot models (3-DMFM) [16–20].
This approach is thought to enhance the biomechanical under-
standing of the foot as it allows measuring the kinematical
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obtain objective information on foot kinematics in patients with
HV, a cross-sectional comparative study was undertaken. We
hypothesized that inter-segmental range of motion measured in a
HV population would differ from that measured in a healthy
control group.
2. Methods
2.1. Participants
Two study groups were recruited over a 3-month period. A convenience sample
of adults with hallux valgus (HV, N = 20) was voluntarily recruited through the
institutions’ Foot & Ankle Department. Potential participants with a HV angle>258,
good peripheral pulses and adequate sensation (Semmes-Weinstein monofilament
10 g)were recruited. The decision to select patientswith aHV angle>258was based
on a commonly used clinical grading system of HV deformity [24]. Taking into
account the physiological deviation between the first metatarsal and phalanx,
patients with a HV angle >258 are considered to have at least a mild deformity.
Normative data were gathered from a group of symptom-free adult volunteers
(control group (CG), N = 22), recruited through advertisements at the same hospital
for a period of 3months. From the total of 46 personswho responded spontaneously
to the advertisement, a random sample of 22 participants was selected using a
random sample table. For both groups, potential participants were excluded from
the study if they had a history of trauma of the foot or lower limbs, a foot deformity
such as pes cavus, pes planus, metatarsus adductus, claw toes (screened through
standard clinical examination) or a systemic or neurological disorder. The first
intermetatarsal angle and the hallux valgus angle of the HV group were measured
with the Picture Archiving and Communication System of the hospital. This
radiographic assessment was only possible for the HV group because standard
radiographs were not available for the randomly selected CG. Hallux valgus angle in
the control group was evaluated qualitatively through clinical examination, as this
was shown to have excellent inter-observer repeatability [24,25]. Following clinical
examination, all subjects in the control group had ‘no deformity’. The local Ethics
Committee granted approval for the study and informed consentwas obtained from
all subjects. Participant demographics are summarized in Table 1.
2.2. Gait analysis
A 10 m walkway with two strain-gauge forces plates integrated in the floor was
used to record thewalking trials of the participants. Thiswalkway allowed using the
midgait protocol which ensures a natural gait [26].
Three-dimensional foot and lower limb motion data of both groups were
measured using a 612 Vicon Motion Capture System (Oxford Metrics, Oxford,
United Kingdom). Force plate data (Advanced Mechanical Technology Inc.,
Watertown, MA) were used to accurately determine the temporal parameters of
the gait cycle. Force plate data were sampled at 100 Hz.
2.3. Foot kinematics
The Oxford Foot model (OFM) described by Stebbins et al. [20] was implemented
in order to quantify the foot kinematics of both groups. Passive reflective markersTable 1
Demographical and temporal parameters of both groups (control vs. hallux valgus,
significance level at p<0.05).
Characteristics Control Hallux valgus p-Value
Demographics
Number of participants 22 20 –
Age (average + range) 37.5
(20–60 years)
47.4
(18–65 years)
–
Sex (males/females) 9/13 4/16 –
Affected side (right/left) – 19/17 –
BMIa (average + range) 23.1
(18.3–28.1%)
25.1
(17.2–34.1%)
0.064
Investigated foot (right/left) 11/11 11/9 –
IMA8 (average + range) – 14.2
(10.7–20.78)
–
HV angle D (average+ range) – 33.6
(25–48.48)
–
Temporal parameters
Gait cycle duration (s)b 1.14 (0.08) 1.13(0.09) 0.984
Stance duration (%) 61.8(1.84) 61.9(2.44) 0.856
Swing duration (%) 38.2(1.84) 38.1(2.44) 0.856
a Body mass index.
b Denotes average1SD. IMA8: first intermetatarsal angle, HV angle D=hallux
valgus angle.with a diameter of 14 mm were positioned at the anatomical landmarks as
described by the authors of the model. Inter-segment angle calculations in the OFM
are performed by adopting the joint coordinate system [27].
2.4. Measurement protocol and data analysis
Kinematic data were collected during a single test occasion. After the markers
had been attached, a static trial was undertaken in order to establish the local
segment reference frames. During this static trial, individualswere asked to stand in
a relaxed position, with the knees extended andwith the feet along the X-axis of the
laboratory. The relative orientation of the leg, hindfoot and forefoot, recorded
during this static trial, was subsequently captured and considered as the relative
position. As a consequence, no off set was applied to the dynamic data.
Subsequently, the measurements of the dynamic trials were undertaken, with
individuals walking at a self-selected speed until 5 adequate walking trials were
recorded for his/her dominant foot (determined as the foot used to initiate gait).
2.5. Statistical analysis
In order to explore any differences in the demographic and temporal parameters
of both groups, the parametric Student t-test was used.
Temporal parameters of gait included gait cycle duration, stance duration and
swing duration.
For the statistical analysis of kinematic data, two types of data were considered
for the median trial of each patient [17,28].
First, the relative motion occurring at each inter-segment angle for each subject
was calculated, for the seven gait phases [29]: loading response (0–10%), mid-
stance (10–30%), terminal stance (30–50%), pre-swing (50–60%), initial swing (60–
73%), mid-swing (73–87%) and terminal swing (87–100%). The relative motion for
each gait phasewas defined as the difference between themaximum andminimum
angle during that phase. To adjust for multiple tests over the seven test points, a
Bonferroni correction was used to achieve a 5% overall error rate. Differences in
kinematic data between groups was therefore considered to be significant at a level
of p < 0.01 using the parametric Student t-test.
Secondly, the mean inter-segmental angle was calculated for each group to
represent the timing of themovement throughout the complete gait cycle. Only the
inter-segment angles where a significant difference in relative motion was found
will be presented in this article.
3. Results
No significant differences were found in the temporal
parameters between groups (Table 1).
In the sagittal plane, the HV group demonstrated a significantly
increased dorsiflexion motion (p < 0.01), whereas the averaged
position of the hallux during stance was persistently higher in the
CG (Fig. 1). Differences in motion also reached a significant level
during terminal swing (Table 2).
In both groups, a gradual decrease of the forefoot–hindfoot
plantarflexion angle was observed throughout the first 50% of gait
(Fig. 2). Pre-swing was characterized by a distinct plantarflexion of
the forefoot and reached a peak position just after toe-off. Only
duringmid-swing a significant differencewas found in themotion,
with more plantarflexion in the CG (p < 0.01). In the HV group, an
increased range of adduction motion during mid-swing at the
forefoot–hindfoot angle was observed (p < 0.01) (Table 2).
During loading response a mean eversion of 5.38 (CG) and 6.58
(HV group) was observed at the hindfoot (Fig. 3). During mid-
stance and terminal stance the hindfoot inverted gradually
followed by eversion of the hindfoot during initial swing. During
mid-stance, a decrease in inversion was observed in the HV Group
(p < 0.01), whereas during pre-swing, a significantly increased
hindfoot eversion was found in the HV group (Table 2).
External rotation at the hindfoot–tibia angle was observed
during the first 40% of gait cycle followed by internal rotation
throughout terminal stance and pre-swing (Fig. 3). During terminal
stance, the HV group showed a restricted motion compared to the
CG (p < 0.01).
A small period of plantarflexion followed by a dorsiflexion of
the forefoot relatively to the tibia throughout mid-stance and
terminal stance was observed in both groups (Fig. 1). Pre-swing
was characterized by rapid plantarflexion, with a mean peak
Fig. 1. Graph A: Average forefoot–tibia dorsiflexion/plantarflexion during complete
gait cycle (control vs. HV group). (+) Dorsiflexion/() plantarflexion, solid black
vertical line denotes toe-off. Graph B: Average hallux–forefoot dorsiflexion/
plantarflexion during complete gait cycle (control vs. HV group). (+)
Dorsiflexion/() plantarflexion, solid black vertical line denotes toe-off.
Grey rectangle denotes phase of gait cycle with significantly different relative
motion (p < 0.01).
Fig. 2. Graph A: Average forefoot–hindfoot dorsiflexion/plantarflexion during
complete gait cycle (control vs. HV group). (+) Dorsiflexion/() plantarflexion, solid
black vertical line denotes toe-off. Graph B: Average forefoot–hindfoot adduction/
abduction during complete gait cycle (control vs. HV group). (+) Adduction/()
abduction, solid black vertical line denotes toe-off. Grey rectangle denotes
phase of gait cycle with significantly different relative motion (p < 0.01).
Fig. 3. Graph A Average hindfoot–tibia inversion/eversion during complete gait
cycle (control vs. HV group). (+) Inversion/() eversion, solid black vertical line
denotes toe-off. Graph B: Average hindfoot–tibia internal/external rotation during
complete gait cycle (control vs. HV group). (+) Internal/() external, solid black
vertical line denotes toe-off. Grey rectangle denotes phase of gait cycle with
significantly different relative motion (p < 0.01).
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terminal stance, significantly decreased plantarflexion was ob-
served in the HV group (p < 0.01).
4. Discussion
Many attempts have been made to describe foot function in
patients affected with HV. Previous studies have mostly used
pedobarographic technology to achieve this objective [3,10,12].
We investigated, for the first time, the kinematic behavior of the
segments of the foot in subjects with HV and compared it with
normative data (CG).
The demographic characteristics of both groups showed a
considerable difference in the male/female ratio. Whereas in the
CGa ratio of nearly 1:1was observed, for theHVgroup this ratiowas
1:4. The convenience sampling technique and the higher prevalence
[3] of HV in women (1:8) have played a considerable role and
therefore account for the different male/female ratio in this study.
The impact of foot pathology on temporal parameters of gait
has been previously reported [22,23]. Increased stance duration,Table 2
Motion at the inter-segment angles (mean SD; degrees) showing significant differences between the control group and HV group.
Inter-segment angle Gait phase Control group HV group p-Value
Hallux–forefoot DF/PF Terminal stance 4.06.5 7.96.6 <0.01
Hallux–forefoot DF/PF Terminal swing 1.77.6 3.77.8 <0.01
Forefoot–hindfoot DF/PF Mid-swing 2.13.0 0.33.7 <0.01
Forefoot–hindfoot AD/AB Mid-swing 2.12.8 3.93.4 <0.01
Hindfoot–tibia Inv/Ev Mid-stance 2.02.8 0.34.8 <0.01
Hindfoot–tibia Inv/Ev Pre-swing 1.43.1 3.12.5 <0.01
Hindfoot–tibia Int./Ext. Terminal stance 3.62.0 1.34.9 <0.01
Forefoot–tibia DF/PF Terminal stance 10.47.0 4.18.5 <0.01
DF: dorsiflexion, PF: plantarflexion, AD: adduction, AB: abduction, Inv: inversion, Ev: eversion, Int.: internal rotation, Ext.: external rotation.
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cadence are common findings. Contrary to previous studies, we did
not find significant alterations in the temporal parameters tested.
Motion patterns of individual foot segments were found to be
similar in both groups, but in agreement with the previous
literature. Some differences were observed in the hindfoot–tibia
inversion/eversion and forefoot–hindfoot dorsiflexion/plantarflex-
ion with the data provided by Stebbins et al. [20,30], however,
these mainly reflected a general off set of the angle waveforms. In
fact, the waveforms show a similar pattern and also a similar
relative motion during the sub-phases of stance.
In the control group, the motion pattern of the hallux in the
sagittal plane showed good face validity compared with data from
other studies [19–21]. The best comparison was found with the
data provided by Canseco et al. [21] and Simon and co-workers [9].
It should be stressed that the data published by Stebbins et al. [20]
represented normative values of 15 healthy children between 6
and 14 years old. Therefore some reservation is required when
these are compared to our population. Normative values for adult
males and females recorded with the OFM have recently been
presented at scientific meetings [30]. Canseco et al. [21] found a
significant reduction of hallux dorsiflexion during pre-swing
through mid-swing in a population affected with hallux rigidus.
Whereas hallux rigidus is characterized by arthrosis of the 1MTPJ
with progressive decrease of motion, hallux valgus may involve
degenerative changes and loss of motion, but is primarily
characterized by progressive subluxation of the 1MTPJ.
In our HV population we found an increased dorsiflexionmotion
at the hallux during terminal stance. A reasonable explanation for
this difference can be the relatively decreased dorsiflexion angle
present throughout the first 30% of the gait cycle. This is caused by
the dorsiflexion/adduction at the first tarsometatarsal jointwhich is
inherently present in hallux valgus, which results in a metatarsal
head to bemore cranially located compared to the otherMTH and a
firstmetatarsal joint tobe closer to its neutral position (08) insteadof
being relatively dorsiflexed. An increased dorsiflexion motion,
probably caused by an earlier onset of the dorsiflexion movement
would therefore be a consequence of the first ray malalignment.
Additionally, it can be observed that the slope of the curve during
pre-swing ismore pronounced in the CG. This is a typical finding for
an adequate push-off, were adequate plantarflexion of the first ray
and dorsiflexion at the hallux occurs fluently [31]. However, in the
HVgroup this pattern seems tobe less pronounced, probably caused
by a decreased lever arm for dorsiflexion movement.
The sagittal motion pattern at the ankle complex was similar
between the groups and in accordance with previous publications
[32]. The typical ‘three rocker pattern’ was observed and showed
no significant differences.
Excessive subtalar joint eversion has been suggested as a
causative factor for HV. The eversion should be seen as a
consequence of a functional or structural deformity such as first
ray hyper mobility, forefoot varus, forefoot supinatus and congeni-
tally tight gastrocnemius causing equinus. Abnormal subtalar joint
eversion unlocks the midtarsal joint and leads to kinematic
deviations, both proximally and distally. The most affected periods
are those of terminal stance and pre-swingwere the vertical ground
reaction force rises above resting body weight [32].
The OFM measures the relative motion of the calcaneus
compared to the tibia. We found a significant difference
(p < 0.01) in the relative motion during mid-stance and pre-
swing. In both sub-phases of stance, the HV group showed
increased eversion of the hindfoot, indicating a less stable foot.
Despite these differences being only small, statistical significance
was reached for these parameters. This provides quantitative
evidence that hindfoot eversion is a causative factor for hallux
valgus, as alluded above.Internal rotation of the hindfoot during terminal stance
was more prominent in the control group. This finding is related
to the more pronounced inversion of the hindfoot and therefore
the tendency of the hindfoot to regain a more ‘neutral’
alignment.
The forefoot–tibia dorsiflexion angle showed a similar pattern
in both groups, but the peak positions (at 50% and 70% of gait cycle)
were more pronounced in the CG. A reduced amount of
dorsiflexion was observed during terminal stance in the hallux
valgus group (p < 0.01). The flattening of peak angles has been
attributed to antalgic gait in numerous publications [32]. Pain over
the forefoot due to metatarsalgia, hallux valgus and skin callosities
inhibits push-off which is often visualized in a butterfly diagram.
Reduced elasticity of the plantar aponeurosis or mechanical
dysfunction of the first ray may also be a causative factor for
this difference in forefoot kinematics.
Despite the valuable findings, we have to acknowledge certain
limitations and elements which are subject to some discussion in
our study.
First, it may have been more appropriate to select a gender-
matched control group as this would have avoided the different
male/female ratio between the two groups. Additionally, such a
design would have accounted for the recent observations that
women have a more flexible foot compared to men [30]. More
studies are needed in order to fully appreciate the effect of gender,
body weight, age and speed on foot kinematics.
Accurately defining segmental kinematics requires accurate
palpation of anatomical landmarks. Estimating the reliability of
landmark identification is impeded by many factors and therefore
not yet adequately determined. To overcome this dilemma,
estimation of the intra–inter-observer and between–within day
repeatability is often undertaken [17]. In some HV subjects, the
medially located bursitis over the dislocated first metatarsal head
prevented adequate palpation. The impact of this altered
morphology onto the acquired kinematic data has not been
investigated. Ideally, this should be undertaken for each pathology
or deformity.
Another important factor which should be addressed is the
reliability of tracking foot bones from skin markers and the role of
soft tissue interposition [33]. Muscle contraction and inertial
effects are two sources which may account for this artefact.
However, it is generally accepted that greater motion artefact
exists at the knee and hip due to the presence of the quadriceps
complex [34]. Finally, the limited number of HV participants
should be recognized. A convenience sample of 20 HV subjects
resulted in amoderate power for this study. Inclusion of additional
patients with HV is currently in progress in order to draw further
conclusions. Pre- and post-surgical assessment will be undertaken
in order to quantify the impact of bony and soft tissue corrections
on foot kinematics.
5. Conclusion
This study demonstrated that subjects with hallux valgus have
a different inter-segmental range of motion in the affected foot
during barefoot walking when compared to asymptomatic
subjects. The significant differences observed in this study provide
some evidence which supports previously suggested pathological
mechanisms. However, these differences were small, which
indicates that the impact of the first ray deformity remains
limited to the hallux and that other segments of the foot are not
affected in a major way.
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